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Copper and iron based thin film nanocomposites prepared
by radio frequency sputtering. Part I: elaboration
and characterization of metal/oxide thin film nanocomposites
using controlled in situ reduction process
A. Barnabe´ • A. Chapelle • L. Presmanes •
P. Tailhades
Abstract Copper and iron based thin films were prepared
on glass substrate by radio-frequency sputtering technique
from a delafossite CuFeO2 target. After deposition, the
structure and microstructure of the films were examined
using grazing incidence X-ray diffraction, Raman spec-
troscopy, electron probe micro-analysis and transmission
electron microscopy coupled with EDS mapping. Target to
substrate distance and sputtering gas pressure were varied
to obtain films having different amount and distribution of
copper nanoparticles and different composition of oxide
matrix. The overall reaction process, which starts from
CuFeO2 target and ends with the formation of films having
different proportion of copper, copper oxide and iron
oxide, was described by a combination of balanced
chemical reactions. A direct relationship between the
composition of the metal/oxide nanocomposite thin film
and the sputtering parameters was established. This
empirical relationship can further be used to control the
composition of the metal/oxide nanocomposite thin films,
i.e. the in situ reduction of copper ions in the target.
Introduction
Nanocomposites have been widely prepared and investi-
gated due to their special properties which help in producing
special engineering materials. In particular, nanometric
metallic particles dispersed in an oxide matrix show
special or improved physico-chemical properties [1–5].
Nanocomposites composed of noblemetals andmetal oxides
matrix are being considered as prospective materials for
applications in catalysis, electronics, fuel cells and gas sen-
sors [6–11]. It is known that instability of the size of noble
metal clusters is one of the main reasons for the observed
changes in reactivity of modified metal oxide surface. The
fabrication processes and the phase stability of these metal
and metal oxides were particularly studied [5, 12–14]. With
thin films of these materials, there are different additional
technological applications as in coatedmedical devices [15],
magnetic recording media [16], electro-optical systems
[17–19], photo-catalytic coatings [20, 21] or gas-sensing
apparatus [10]. For the latter, it has been proven that the
dispersion of small noble metal particles in an oxide matrix
enhance or create optical sensitivity to different gases
[22, 23]. Moreover, in the form of thin films, these materials
allow mass production of devices at low cost with high
control, repeatability and capabilities for miniaturization.
A lot of these applications require well-controlled film
microstructures and, sometimes, precise spatial organiza-
tion of metal particles in the oxide matrix. The deposition
condition of the metal nanoparticles is a key parameter to
control the properties of metal-oxide nanocomposite
material. Several techniques have been used for the prep-
aration of nanocomposite films. Among all the available
processes, radio-frequency (RF) sputtering is the most
suitable candidate for the preparation of materials with
good homogeneity because it can operate under quite low
oxygen partial pressures, over a wide range of temperatures
and under various electronic, ionic and atomic bombings
[24]. We have already shown that RF sputtering can lead to
the preparation of copper based nanocomposite thin films
with a control of the microstructure and self-assembly
phenomena induced by post-annealing treatment when
deposited on patterned substrates [25].
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The aim of this paper is to provide evidence for con-
trolled in situ reduction process of the mixed copper-iron
oxide target by RF-sputtering method, in order to produce
well characterized copper/oxide thin film nanocomposite.
Experimental methods
Preparation of CuFeO2 sputtering target material
CuFeO2 powder was prepared according to a well-
established procedure by reacting stoichiometric mixture of
commercial products Cu2O and Fe2O3 [26]. This mixture
was ground and heated in neutral atmosphere at 1000 °C
for 24 h several times. X-ray diffraction of this product
shows pure delafossite CuFeO2 phase (Fig. 1). Delafossite
has rhombohedral structure with the R3m space group.
Lattice parameters determined by the Rietveld method are
a = 3.0344(2) A˚ and c = 17.158(3) A˚ [27]. Sputtering
target with 10 cm diameter was then prepared by pressing
and heating CuFeO2 powder at 950 °C for 12 h in nitrogen
atmosphere. The as-prepared ceramic target was then
adhered to a 12 cm diameter and 5 mm thick copper
backing plate using silver paste to allow water cooling
during the rf deposition process to prevent overheating.
Deposition of thin films
To produce desired thin films, the target assembly was
attached to an Alcatel A450 RF sputtering chamber. The
apparatus is equipped with a RF generator (13.56 MHz)
device as well as a pumping system (a mechanical pump
coupled with a turbo molecular pump). A pre-sputtering by
argon plasma was performed for 10 min to clean the sur-
face of the target from any impurities (water for instance)
present prior to the film deposition. Pre-cleaned micro-
scopic slides placed on a water cooled sample holder were
used as conventional substrates. All films were produced
with a RF power of 200 W by varying pressure and argon
sputtering gas from 0.5 to 2.0 Pa, target to substrate dis-
tance (d) from 5 to 8 cm and deposition times. Four sam-
ples deposited with extreme pressures (0.5 and 2.0 Pa) and
target-to-substrate distances (5 and 8 cm) are presented in
this work and noted P0.5d5, P0.5d8, P2.0d5 and P2.0d8. For all
samples, deposition rates (Table 1) were calculated from
the deposition time and thickness of films determined using
a Dektak 3030ST mechanical profilometer. Film thick-
nesses were set at 300 nm for all the characterizations
except for transmission electron microscopy which
required 50 nm thin films.
Thin film characterizations
The phase investigation of thin films was performed by
grazing incidence X-ray diffraction (GIXRD) (grazing
angle a = 1°) using a Siemens D5000 diffractometer with
the copper Ka radiation (k = 1.5418 A˚). Raman spectra
were collected under ambient conditions using a fiber-
coupled 532 nm laser and power of 1.1 mW with a Horiba
Scientific Raman microscope fitted with a 1009 objective
lens. The final spectra is the average of three accumula-
tions of 300 s. Examination of multiple spots showed that
the samples were homogeneous. Chemical composition of
the films was determined by electron probe micro-analysis
(EPMA) using a Cameca SX 50 apparatus. Analyses were
performed on films deposited on silicon substrate. The Si
substrate provided an oxygen free support after the
removal of the thin SiO2 layer with hydrofluoric acid, from
which the complete sample composition could be deter-
mined. The final average value corresponds to a minimum
of ten measurements. Microstructural studies were carried
out with a Veeco Dimension 3000 atomic force micro-
scope (AFM) equipped with a super sharp TESP-SS
NanoworldÓ tip (nominal resonance frequency 320 kHz,
nominal radius curvature 2 nm), and with a JEOL JSM
6400 field emission gun scanning electron microscope
(FE-SEM). Diffraction, imaging and elemental analyses
were made using a JEOL 2100F field emission gun
transmission electron microscope (FE-TEM) operating at
200 kV and equipped with a X-ray energy dispersive
spectroscopy (X-EDS) system. X-EDS chemical compo-
sition mapping were also performed in scanning TEM
(STEM). TEM and STEM observations were carried out
on films directly deposited on carbon covered nickel grids
and cross-section specimens. For the latter, the thin film
was cut into thin slices normal to the interfaces which
were glued together between spacers and finally ion milled
to perforation.
Fig. 1 XRD pattern of delafossite CuFeO2 target and photography of
the target assembly
Results and discussion
Structural analysis
Figure 2 shows GIXRD patterns of the as-deposited sam-
ples in the four deposition conditions. The intensity of
characteristic (111) and (200) Bragg peaks of metallic
copper are increasingly observed at 2h = 43.3° and 50.4°
for the P2.0d5, P0.5d8 and P0.5d5 films. For all the four
samples, no other dominant peak could be observed except
a broad one located at 2h = 35.5°, i.e. with dhkl & 2.5 A˚
because of the nanocrystalline nature of films. It is difficult
to match one particular phase to this peak, indeed it
could be attributed to various nanocrystallized mixed
oxide phases such as Cu2O (d111 = 2.46 A˚), CuO
(d111= 2.52 A˚), CuFeO2 (d012 = 2.51 A˚), CuxFe3-xO4
(0\ x\ 1) (d311 = 2.50–2.52 A˚).
Figure 3 presents Raman spectra of the as-deposited
samples and the commercial references samples registered
in the same experimental conditions. Signal from copper
metal is not expected to appear in these spectra since it is
Raman inactive in the range of measurement as Gong et al.
demonstrated [28]. All the spectra exhibit Cu2O charac-
teristic bands located at 148, 218, 315, 405 and 622 cm-1
for the most intense ones [29–31]. Peaks located at 521 and
689 cm-1 can be assigned to Fe3O4 or CuxFe3-xO4 with low
copper content [32].
Heat treatments have been carried out in order to
highlight the phases which could be crystallized or formed.
Such treatments were carried out under primary vacuum to
avoid oxidation. Figure 4 shows the GIXRD patterns of the
annealed samples under vacuum at 450 °C for 12 h. The
main peaks of copper metal are still visible in the samples
deposited at P0.5d5, P0.5d8 and P2.0d5 indicating that these
samples were not oxidized. In parallel, the characteristic
peaks of delafossite CuFeO2 phase appears for all the
annealed films in association with a CuxFe3-xO4 spinel
phase for the P0.5d5 conditions. The Raman spectra of the
annealed films (Fig. 5) are very different than those of the
as-deposited samples. The bands of Cu2O are no longer
visible after annealing under vacuum. On the other hand,
the two main characteristic bands of delafossite phase,
located at 350 and 691 cm-1, clearly appear. Moreover, a
spinel phase close to Fe3O4, could be revealed by a signal
observed at about 600 cm-1, which becomes very low for
Table 1 Process parameters for
the deposition of metal oxide
Cu/CuxFe3-xO4 nanocomposites
by rf-sputtering
Target material CuFeO2
Substrates Fused silica glass, Si-wafers, TEM grids
Power (W/cm2) 3.5
Argon flow rate (sccm) 11–55
Argon pressure P (Pa) 0.5–2.0
Target to substrate distance d (cm) 5–8
Deposition conditions P0.5d5 P0.5d8 P2.0d5 P2.0d8
P * d (Pa cm) 2.5 4.0 10 16
Deposition rates (nm/min) 6.77 3.11 10.1 3.75
Fig. 2 GIXRD patterns of the P0.5d5, P0.5d8, P2.0d5 and P2.0d8 as-
deposited samples
Fig. 3 Raman spectra of the P0.5d5, P0.5d8, P2.0d5 and P2.0d8 as-
deposited samples. Raman spectra of commercial powders are also
plotted for comparison
the samples prepared at low argon pressure. These obser-
vations are in agreement with the X-ray diffraction pat-
terns, which clearly show the peaks of the delafossite phase
and which also reveal some peaks of the spinel structure,
mainly for the samples prepared at high argon pressure.
However, the Raman band at about 600 cm-1, does not
match perfectly with that of pure magnetite powder. But
the small shift toward the high wave numbers could be due
to a small content of copper in the spinel phase [32].
Structural data given by both GIXRD and Raman
spectroscopy allow us to describe the overall deposition
process. For all the deposition conditions, Cu2O and a
CuxFe3-xO4 spinel phase are systematically present. In
addition, copper metal is detected for the films deposited at
low P * d product, as for instance, when the pressure of the
argon sputtering gas is equal to P = 0.5 Pa. When
annealed at 450 °C under primary vacuum, such films tend
to form a delafossite phase associated with a spinel phase
and metallic copper.
Copper metallic content
In the films deposited at P0.5d5, the cationic species coming
from the target material, are partially reduced. Copper and
ferrite are thus formed in place of delafossite, as predicted
by the Cu–Fe–O phase diagram for lower oxygen partial
pressure [33]. When the P * d product increases, the
amount of metallic copper decreases until it disappears for
P2.0d8. As a result, the reduction process is adjustable with
the sputtering parameters.
For the films deposited at low pressure, i.e. at
P = 0.5 Pa, particles ejected from the target encountered a
smaller number of collisions during the transfer from the
target to the substrate. Accordingly, the mean free path of
these particles is large and they are highly energetic. As a
result, for the sample P0.5d5, particles arriving on the film
tend to re-bombard the growing layer. The oxygen atoms
are especially concerned by this re-bombardment due to
their high sputtering yields (0.276 O/Ar) and low involved
energies (5.83 eV/O) in comparison with iron (0.076
Fe/Ar, 9.91 eV/Fe) and copper (0.102 Cu/Ar with
10.71 eV/Cu) as simulated with the SRIM software [34, 35]
for 80 eV incoming Ar? ions on delafossite CuFeO2 mate-
rial. The oxygen atoms could also form oxygen molecules
into the gas phase that is pumped. The consequence of both
this re-bombardment and oxygen loss due to the pumping
system, is a growing layer with low oxygen content, i.e. with
a more reduced state of the cationic species than the corre-
sponding target material [36]. This behavior could be rep-
resented by the following reaction scheme:
CuFeO2ÿÿÿÿÿÿÿÿÿ!
sputtering process
Cuþ
1
3
Fe3O4 þ
1
3
O2 ð1Þ
Composition of the oxide matrix
The formation of the delafossite phase when as-deposited
films are annealed at 450 °C under primary vacuum, could
be due to the reaction of Cu2O, previously identified by
Raman spectroscopy, with iron oxide, according to the
following equation:
1
2
Fe2O3 þ
1
2
Cu2O ! CuFeO2 ð2Þ
Such a reaction was already observed in previous work
[37]. The hematite or a-Fe2O3 phase, was not observed in
the as-deposited films (Fig. 3). However, the spinel oxide
Fig. 4 GIXRD patterns of the P0.5d5, P0.5d8, P2.0d5 and P2.0d8
samples after post-annealing treatment at 450 °C for 12 h under
primary vacuum
Fig. 5 Raman spectra of the P0.5d5, P0.5d8, P2.0d5 and P2.0d8 samples
after post-annealing treatment at 450 °C for 12 h under primary
vacuum. Raman spectra of commercial powders are also plotted for
comparison
revealed by the Raman spectroscopy could be due to the
presence of the metastable c-Fe2O3 or a mixed valence
defect ferrite because both of which will display such a
crystalline structure and could be observed due to the
nanometric size of the crystallites in the films [38]. These
metastable oxides could then react with the cuprite phase.
Thus, the sputtering process could also form a spinel oxide
and cuprite in the films, from the delafossite target,
according to the following reaction scheme:
CuFeO2ÿÿÿÿÿÿÿÿÿ!
sputtering process 1
2
Fe2O3 þ
1
2
Cu2O ð3Þ
Overall deposition process
The overall deposition process, which starts from a
CuFeO2 target and ends with the formation of films made
of different proportion of copper, copper oxide and iron
oxide, could be schematically described by a balanced
combination of Eqs. 1 and 3. This leads to the following
global equation with 0 B A B 1:
CuFeO2ÿÿÿÿÿÿÿÿÿ!
sputtering process
A Cuþ
1ÿ A
2
Cu2O
þ
9ÿ A
24
Fe3þ24ÿ8A
9ÿA
Fe2þ8A
9ÿA
h3ÿ3A
9ÿA
O2ÿ4
 
þ
A
3
O2 ð4Þ
The spinel oxide of Eq. 4, is a mixed valence defect
ferrite which can be assumed as a combination of
magnetite with c-Fe2O3. The overall deposition process is
then described by only one equation balanced with a ratio
A, which is related to the reaction progress between the
strict duplication of the target material CuFeO2 and the
complete reduction of the copper species. Equation 4
clearly points out the loss of oxygen (A/3 O2) due to the
sputtering process.
After a heat treatment at 450 °C under primary vacuum
the delafossite phase is formed due to the reaction between
the cuprite and the iron oxide according to Eq. 2:
A Cuþ
1ÿ A
2
Cu2Oþ
9ÿ A
24
Fe3þ24ÿ8A
9ÿA
Fe2þ8A
9ÿA
h3ÿ3A
9ÿA
O2ÿ4
 
! A Cuþ
A
3
Fe3O4 þ ð1ÿ AÞ CuFeO2 ð5Þ
Even if phase identification allows us to qualitatively
modelize the overall deposition process, the value of
A cannot be fully estimated from the X-ray diffraction
patterns analysis, because of poor crystallization of the
oxide phases and their potential preferred crystalline
orientation. Nevertheless, because of its cubic symmetry
and the fact that the copper phase was already identified in
the as-deposited samples, we can estimate that this metallic
phase is not affected by preferred orientation and/or
inhomogeneous crystallinity. As a result, a measurement
of the integrated intensity of the copper (111) peak was
done on GIXRD patterns for the as-deposited and annealed
samples (Table 2). The as-deposited and annealed samples
do not exhibit the same integrated intensities due to the
crystallization and instrumental accuracy, but a clear
decrease in the relative amount of metallic copper for the
films deposited at P0.5d5, P0.5d8 and P2.0d5 can be deduced
and is presented in Table 2 with the average values
normalized to the maximum. However, the real amount of
copper metal, i.e. the real determination of the A ratio of
Eq. 4 cannot be evaluated due to the unknown amount of
the oxide phases.
Chemical analysis and quantitative phase determination
Electron probe micro-analysis measurements carried out on
silicon substrates allowed us to determine the real iron,
copper and oxygen content on as-deposited films. All the
experimental data were fitted by iteration process on the base
of single layer with a certain thickness, density, composition
and oxidation state. The results of the iteration cycles were
systematically validated by the calculated thickness which
was always in perfect accordance with the thickness deter-
mined by a mechanical profilometer. The ratio between
cations and oxygen for as-deposited samples and those
annealed at 450 °C in vacuum are identical proving that the
annealing treatment does not affect the oxygen content of the
films. Results for annealed samples are reported in Table 3.
With the cation to oxygen ratio determined by EPMA,
the oxygen loss (A/3 in Eq. 4) and thus the A ratio which
corresponds to copper content can be calculated. This
A ratio was found to be 0.31, 0.22, 0.12 and 0.03 for P0.5d5,
P0.5d8, P2.0d5, and P2.0d8 respectively (Table 3). One can
note that this EPMA analysis indicates that A[ 0, i.e. there
is a certain amount of metallic copper, in each sputtering
condition within the limit of the accuracy of the technic.
This is even true for the P2.0d8, whereas no metallic copper
was previously detected by GXRD diffraction for both as-
deposited and annealed samples.
Finally, the A ratio which gives the metallic copper
content and the composition of the oxide matrix according
to Eq. 4, is directly adjustable with the P and d experi-
mental parameters and related to the inverse of the
P * d product. The relationship between A and 1/
(P * d) for the four deposition conditions is shown in
Table 3 and Fig. 6. It can be clearly observed that the
copper content increases when the value of 1/
(P * d) increases, i.e. when the particles lose less energy
during the transfer from target to substrate.
Microstructural analysis
Various areas were systematically observed by TEM nor-
mal to the film plane, for each sputtering conditions. TEM
micrographs of 50 nm thin films are presented in Fig. 7.
All the TEM images show that the films consists of an
homogeneous matrix and round shape particles. The
homogeneous matrix is made of small grey particles of
about 10 nm in diameter, which correspond to an oxide
material with an average copper to iron ratio close to 0.5 as
demonstrated by the representative TEM micrograph and
EDS analysis shown in Fig. 8 for the P2.0d5 sample. This
oxide matrix corresponds to the nanocrystallized oxide
previously detected by GIXRD (Fig. 2). It was also evi-
denced by electron diffraction spots located at dhkl & 2.5
and 1.3 A˚ represented in dashed lines in Fig. 8.
Within the oxide matrix we observe a distribution of
round particles with much darker contrast for all the
deposition conditions (Figs. 7, 8). In these particles, a very
high concentration of copper is revealed by nano-EDSwith a
TEM probe of 2 nm. The characteristic diffraction rings of
metallic copper, detected by ED and represented by con-
tinuous line in Fig. 8, clearly show that these round shape
particles are metallic copper nanoparticles. The small
amount of iron detected by EDS in these areas is due to
superposition of the matrix and/or enlargement of the
detected X-ray photons outside the copper particles. The
average diameter of the round shape and black particles
attributed to copper is close to 60–70 nm for the P0.5d5,
P0.5d8 and P2.0d5 films and 40 nm for the P2.0d8 one. The
particles sizes for the P2.0d8 sample are smaller than those
measured for the other conditions, in accordance with the
lower energy involved for this high pressure deposition
condition [25]. The TEM analyzes revealed an homoge-
neous distribution of the copper particles in the samples and
a decrease in copper metallic content with an increase of the
P * d product. Even for the high pressure and high distance
deposition conditions (P2.0d8), metallic copper particles
were detected in accordance with the EPMA measurements
(Table 3). The small amount and small size of these copper
particles associated with the grazing incidence configuration
setup, explain that the characteristic diffraction peaks were
not detectable in the GIXRD pattern for this sample (Fig. 4).
One can note that for a low substrate to target distance,
rod-shaped particles were also visible in the whole ana-
lyzed area irrespective of the pressure used. A lower
amount of these particles, which are moreover less dark
probably due to a smaller thickness, was observed in the
P0.5d8 films. The width of the rod-shaped particles is quite
constant and is close to 10 nm. Isolated rod-shaped parti-
cles obtained in the P0.5d8 were analyzed in cross section
view by TEM and STEM (Fig. 9). The film is made of a
mixed oxide matrix with homogeneous distribution of
copper, iron and oxygen as shown by the uniform distri-
bution of Cu, Fe and O species. The slight variation of the
contrast in the EDS mapping is only due to a progressive
decrease of the thickness of the film from the substrate to
the surface because of the thinning down process. The
average particle size of the matrix is close to 10 nm and
form a very dense array. A bigger particle is clearly visible
in the upper part of the layer. No oxygen and iron content
Table 2 Relative amount of metallic copper determined by GXRD analysis
Deposition conditions P0.5d5 P0.5d8 P2.0d5 P2.0d8
P * d (Pa.cm) 2.5 4.0 10 16
Copper (111) peak integration of the
as-deposited samples (cps/sec/deg.)
20.5 12.7 4.4 –
Copper (111) peak integration of the
vacuum annealed samples (cps/sec/deg.)
36.9 16.3 4.4 –
Relative average normalized copper content 100 50 15 0
Table 3 Chemical analysis determined by EPMA on annealed sam-
ples and quantification of the A ratio
Deposition conditions P0.5d5 P0.5d8 P2.0d5 P2.0d8
P * d (Pa cm) 2.5 4.0 10 16
1/(P * d) (Pa-1 cm-1) 0.40 0.25 0.10 0.06
Cu 25.9(3) 25.8(3) 24.7(3) 25.3(3)
Fe 26.5(2) 26.0(2) 26.3(2) 25.0(2)
O 47.5(6) 48.2(6) 49.0(6) 49.6(6)
Cation to oxygen ratio 1.10(2) 1.07(2) 1.04(2) 1.01(2)
Calculated A ratio 0.31(3) 0.22(3) 0.12(3) 0.03(3)
Fig. 6 Sputtering parameters (P, d) dependence of the copper
metallic content and oxide matrix composition represented by the
calculated A ratio
are detectable in this area. This particle corresponds to the
60–70 nm round shape particle viewed on the normal TEM
view (Fig. 7). In the lower part of the film, i.e. near the
substrate interface, some long and thin particles are also
visible. They are related to the rod-shape particles. The
EDS mapping confirms that these particles are also made of
pure copper. They have a similar dimension to the particle
size of the matrix (10 nm) and form rods due to the high
mobility of copper particles already evidenced by Mugnier
et al. [39]. This mobility seems to be favored parallel to the
substrate surface and generates such elongated particles
only in the film plane. The growing of the copper particles
in the perpendicular direction appears in the forms of
bigger round-shape particles.
Summary and conclusion
The effects of pressure of the argon sputtering gas
(0.5 B P B 2.0 Pa) and target to substrate distance
Fig. 7 TEM micrographs of the P0.5d5, P0.5d8, P2.0d5 and P2.0d8 as-deposited samples
Fig. 8 TEM micrograph and
the corresponding ED pattern of
the P2.0d5 as-deposited sample.
Two representative X-EDS
spectra are also indicated
(5 B d B 8 cm) upon the structure and the microstructure
of Cu–Fe–O films have been investigated for RF sputtering
of a homemade CuFeO2 target. The formation of copper
nanoparticles within a mixed oxide matrix has been sys-
tematically observed in this process window. A correlation
between P and d in one hand and the structural and
chemical composition of the phases on the other hand, have
been established. The metallic copper content of the films
deposited at low P * d product (i.e. P0.5d5) is almost eight
times higher than that of the films deposited at the highest
P * d product. This decrease in the metallic copper content
is associated to a change in the oxide matrix. The overall
deposition process has been described by one equation
balanced by a ratio A. This ratio is directly adjustable with
the P and d experimental parameters represented by the
P * d product. The morphology and the distribution of the
copper particles have also been characterized on normal
and cross-section views, by electron microscopy analyses.
As a result, copper/oxide thin film nanocomposites have
been prepared and characterized in this work, using con-
trolled in situ reduction process. The control of the in situ
reduction process yielded in different quantity, size and
shape of copper nanoparticles in association with a matrix
of several oxides.
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